Negative thermal expansion was found for ZrW,08 from 0.3 kelvin to its decomposition temperature of about 1050 kelvin. Both neutron and x-ray diffraction data were used to solve and refine the structure of this compound at various temperatures. Cubic symmetry persists for ZrW,08 over its entire stability range. Thus, the negative thermal expansion behavior is isotropic. Essentially the same behavior was found for isostructural HfW,O,. No other materials are known to exhibit such behavior over such a broad temperature range. These materials are finding applications as components in composites in order to reduce the composites' overall thermal expansion to near zero.
contraction is small and anisotropic and occurs only over a small temperature range. W e have studied negative thermal expansion in cubic phases of the type ZrP2-xV,0, (3, 4) . Such materials can show negative thermal expansion at high temperatures, but this behav~or does not persist below 100°C for any member of the series. The negative thermal expansion of these materials has been attributed to the transverse vibration of the central 0 in the 0,P-0-PO, or 0,V-0-VO, groups, coupled with frustration In find~ng a structural transition that would allow an ordered bending of P-0-P or V-0-V bond angles (3) . By adjustment of x in ZrP2-,V,Oi, materials wlth near-zero thermal expansion can be obtained (3) .
The synthesis of ZrW20S was descr~bed many years ago (5, 6) . This compound was reported to be cubic, but the atomic structure was not determined. Thermal exaansion data above room temperature suggested that negative thermal expansion ceased near room temperature (7) . Our results ( Fig.   1 ) show negative thermal expansion for ZrW20, from 0.3 to 1050 K. Agreement between d l l a t o~n e t r~ data and neutron diffraction data is very good in the region where both tvoes of data were obtained. T. Voqt, Phvs~cs Department, Brookhaven Natona Labusing both x-ray and neutron powder diffract~on data. Crystals were subsequently obtamed, and the structure was conf~rmed from single-crystal x-ray diffraction data (9).
The structure (Table 1 and Fig. 2 ) 1s s~milar to that of ZrP20i, which may be described as a NaC1-type structure with Zr4-catlons and ( P 2 0 , ) 4 anions. Much of the symmetry of the NaCl structure is destroyed by the oriented P 2 0 i groups, but the cubic symmetry is preserved in space group Pal. In the hightemperature ZrP20i structure, the P atoms and the central 0 of the P20, group lle on threefold axes. The site of the central 0 of the P 2 0 i groups is an inversion center. In the room-temperature ZrW20, structure, there are two crystallographically distinct W 0 4 tetrahedra. The W atoms and one 0 atom of each tetrahedron lie on the threefold axis. In the room-temperature ZrW20, structure. there is no inversion center and the space group becomes PZ13. When ZrW20, is heated through its phase transit~on at about 430 K, changes in both the x-ray and the neutron diffraction patterns are readily apparent. Sh~fts in peak position are barely noticeable, but there are significant changes in peak intensities. For example, the (310) reflection, allowed in the acentric space group P2,3 but forbidden in the centric space group Pal, disappears. Analysis of data obtained above the transition reveals that t h~s increase in symmetry is due to a disordering of the W 0 4 tetrahedra (Fig. 3 ). This d~sorder can best be understood by consideration of the ZrW20, structure as a network of Zr and W atoms linked by two-coord~nate 0 to give a framework of formula ZrW20,. The rema~ning two 0 atoms then complete the W tetrahedral coordination. At low temperature, each 0 is s:rongly bound to one W (distance, d -1.7 A ) , leading to an asymmetric arrangement of W 0 4 groups (Fig. 3A) . There is, however, a weak interaction between the "bridging" oxygen atom 0 3 and W1 (d = 2.39 A ) (10) .
Above the phase transition, however, the oratok, upion, NY 11973, USA, positions of both of these 0 atoms become *To whom correspondence should be addressed.
disordered. The displacement of the bridging 
'The total number of parameters Included zero point, peak shape parameters, and anisotropic thermal parameters. Only the sotrop~c equ~valent of the anisotropic thermal parameters (u) are g~ven here where y (obs) and y,(cac) are, respectively, the observed and calculated intens~ties at step I . R , 2 and R, are conventonal agreement factors.
where N is the numbers of observations and P is the number of parameters $For atoms on the threefold axis (Zr, W l , W2, 03, and 04), only one coord~nate IS gven because x = y = z. 0 toward the two W atoms becomes random. and the "terminal" 0 atoms occuu\~ A , diso"dered sites at either end of the tungstate groups. Thus the structure can be considered as containing two W 0 4 tetrahedra, whose direction along the threefold axis is dynamicallv disordered. Alternatlvelv, the structure can be considered as containiAg a disordered mixture of W 2 0 7 and W 2 0 , groups, both of which could contain a local center of svmmetry. Both explanations suggest the pdssibillty of high 0 mobility in ZrW208.
The Zr02-WO, pseudo binary phase diagram (6) presumably not an e4uilib;ium phase. If the system were to achieve equilibrium, ZrW,08 would decomnose into ZrO, and WO,. This decompositioh reaction is -frustratedJby its high activation energy. The system is trapped in a high-enera state, and this phenomenon may be related to the unusual thermal expansion properties. Negative thermal expansion also occurs in AgI, but only in the metastable cubic form (12). Negative thermal expansion In cubic AgI is confined to a region no wider than 200°C, the thermal ex~ansion at 100 K being uositive.
We begin our explanation of the unique properties of ZrW208 and HfW,O, by eliminating certain possibilities. In both Zr02 and HfO,, there is an abrupt negative volume expansion at a tetragonal-to-monoclinic phase transition. This transition is associated with a (Table 2) is 3.66 A at both 0.3 and 700 K. We also eliminate from consideration any changes with temperature of the Zr-0 or W-0 bond distances. Structure refinements conducted at 12 temperatures from 0.3 to 700 K show no decreases in these distances with increasing temperature. Furthermore, because of differences in Zr-0 and Hf-0 bonding in isostructural ZrO, and HfO,, the temperature of the tetragonal-to-monoclinic phase transition in these two compounds differs by about 400°C. By contrast, in ZrW208 as compared to HfW20,, there is no detectable difference in their phase transition temperature or in their thermal expansion properties. Significant changes in W -0 bonding occur at the 430 K phase transition (Fig. 3 ) , but the negative coefficient of thermal exnansion remains similar above and below this transition. We thus conclude that subtleties of W-0, Zr-0, or Hf-0 bonding are unlikely to be the cause of the negative thermal expansion.
We are thus left with Zr-0-W linkages as the source of the negative thermal expansion. A systematic change in the angles of this linkage could have been the source, but this is not supported by our structural refinements. It is, however, well documented that the potential for M-0-M transverse vibrations (corresponding in a static picture to bond bending) is significantly lower than for longitudinal vibrations (which correspond to changes in the M-0 bond lengths). A transverse vibration of a bridging 0 in a framework in which M-0 bond distances remain largely unchanged will cause a contraction of the M-M distance and a negative coefficient of thermal expansion. Because of the asymmetry of a typical M-0 potential, however, longitudinal vibrations tend to lead to an overall increase in M-M distances. As discussed above, the network arrangement of ZrW,O, leads to a highly flexible structure that can readily accommodate the changes in M-0-M 0 2 Fig. 3. (A) The two crystallographically distinct WO, tetrahedra of low-temperature ZrW,O, in space group P2,3._(B) The WO, "tetrahedra" of hightemperature ZrW,O, in space group Pa3. The 04 position is only 50% occupled, and the large ellipsoid of W is due to disorder along the threefold %IS.
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VOL. 272 ergy is observed; any increases in the nonbonded anion-anlon and cation-catlon repulsions due to the contraction are offset by a n increase in the W1-03 attraction. This result suggests the possibility of low-energy plionon modes in the lattice correspondiiig to these coupled rotations. Such modes will, bv definition, exhibit nep-, , u ative Gruneisen parameters, y, (141, and their population will lead to a negative contribution to the overall coefficient of thermal expansion (1 5-1 7) . Similar arguments have been applied to rationalize the thermal contraction over narrow temperature ranges in other inaterials (1 2). The large temperature range of negative thermal expansion in this material suggests that the framework structure of this material is such that the overall effective Gruneisen parameter, yetr (14) (which will include colltributions from all active modes, both the low-energy transverse modes that tend to contract the lattice and the higher energy longitudinal ruodes that tend to expand the lattice), remains negative at all temperatures.
The anisotropic thermal vibrations present in ZrW,O, and HfW,O,, u~hich cause negative therrnal expansion, are presumably present in Inany other materials, but they are over~vhelmed by the more familiar forces that cause positive thermal expansion. Negative thermal expansion cannot be expected in a material unless the distances between bonded atoms increase very little with increasing temperature. Such sruall changes with temperature occur only in oxides of cations with relatively high formal charge and low coordination number (18) , which lead to a highly covalent bond. The vibration of 0 will only produce a significant contribu- 
